The connection between astrobiology and green chemistry represents a new approach to sustainability of organic matter on asteroids or similar bodies. Green chemistry is chemistry which is environmentally friendly. One obvious way for chemistry to be green is to use water as a solvent, instead of more toxic organic solvents. Many astrobiological reactions occur in the aqueous medium, for example in the prebiotic soup or during the aqueous alteration period on asteroids. Thus any advances in the green organic reactions in water are directly applicable to astrobiology. Another green chemistry approach is to abolish use of toxic solvents. This can be accomplished by carrying out the reactions without a solvent in the solventless or solid-state reactions. The advances in these green reactions are directly applicable to the chemistry on asteroids during the periods when water was not available. Many reactions on asteroids may have been done in the solid mixtures. These reactions may be responsible for a myriad of organic compounds that have been isolated from the meteorites.
Introduction
The goals of sustainability and astrobiology are intertwined, as noted in the NASA's Astrobiology Roadmap, for example [1] . Especially relevant is the Roadmap's Goal 2, to determine past prebiotic chemistry and the history of chemical ingredients, which are important for habitable environments and which could sustain living systems. Myriads of organic compounds have been found on meteorites which are carbonaceous chondrites, such as Murchison [2] [3] [4] [5] [6] [7] [8] [9] [10] . Tens of thousands of different molecular compositions were revealed on Murchison by the application of ultra-high resolution analytical methods which combine state-of-the-art mass spectrometry, liquid chromatography and nuclear magnetic resonance. Meteorites are obtained from meteors, and the latter from asteroids [2] [3] [4] . Chemistry on asteroids, as implied by the organic chemicals that were identified on meteorites, is not fully understood, but is considered important for the early chemical evolution [11] [12] [13] [14] . As opposed to the situation on the early Earth, where water was consistently available, water on asteroids was available only during the periods of so-called aqueous alteration [2] . While it is acknowledged that chemicals may be deposited on asteroids or other extraterrestrial bodies via comets, interstellar dust particles, collisions with other bodies, and similar means, it is not clear how these chemicals would progress along the lines of chemical evolution without a constant availability of water. To aggravate the situation further, most organic materials are not water soluble. Thus, even though water became periodically available, it is not clear how this would help the water-insoluble materials to react.
Some of the problems of the organic synthesis on asteroids or similar bodies can be solved by borrowing the knowledge from a new and emerging field of green chemistry [15] [16] [17] [18] . The tools and principles of green chemistry are remarkably applicable to these astrobiological problems. They could complement and enrich the already proposed synthetic ways. For example, the reactions on asteroids could have occurred by adsorption and subsequent catalysis on the solid surface of zeolites, clays, silica, alumina and similar substances. The green chemistry solventless and solid-solid reactions provide an additional alternative. On the other hand, the reactions on asteroids which may not be thermally activated, but instead are activated by the circularly polarized light, or radioactive decay, at this stage would not benefit from the green chemistry.
In this paper we focus on two areas of green chemistry, the reactions of organic materials in water via hydrophobic interactions and the solventless and solid state organic reactions.
Aqueous Reactions of Water-Insoluble Organic Materials
Aqueous reactions that we consider in this sections and are not those of the organic compounds that are water soluble; instead, they involve water-insoluble organic components that are highly hydrophobic. One such reaction is Diels-Alder reaction [19] . This reaction occurs between a diene and a dienophile. It is a major reaction that forms carbon-carbon bond. It produces six-membered rings and various relatively complicated molecules in a single step, and is very efficient [19] . We show one example below. The dashed lines show the required orbital overlap, which leads to the stereospecificity of the reaction (the endo isomer, which is shown, is the preferred isomer). The Diels-Alder reaction is traditionally performed in an organic solvent, but was found to occur also in the aqueous solution [20] [21] [22] . The way the reaction occurs in water is the following. The water-insoluble (hydrophobic) reactants, when placed in water, are driven towards each other so that they avoid water. This is a so-called hydrophobic interaction, which is well known in biology, notably for the interaction of peptides [23] . When two organic components, a diene and a dienophile, are driven towards each other, the chance of a proper alignment of their orbitals, which is necessary for the reaction to occur, increases. When the reaction is performed, as normally is, in an organic solvent, the reactants dissolve in the solvent and are thus diluted. This diminishes their chance for the encounter, and, consequently, the reaction rate. It also affects adversely the endo-specificity of the reaction. Thus, the Diels-Alder reaction in water is not only feasible, but is also faster and more specific [20] [21] [22] . The organic solvents were not present as such on the prebiotic Earth or asteroids. However, water was present on the former and also periodically on the latter, during the period of aqueous alteration [2] . Thus, the Diels-Alder reaction in water is prebiotically feasible. The hydrophobic interaction as a driving force for the reaction of water-insoluble organic materials can be extended in principle to other organic reactions. When put into the experimental practice, it may provide a way for other such reactions to become prebiotically feasible. Diels-Alder reaction has not been fully explored for its prebiotic synthetic potential. However, this reaction has been studied as a model for prebiotic molecular self-replication first by Wang and Sutherland [24] . Their study was followed up by others (e.g., [25] ). Wang and Sutherland devised a self-replicating system based on the diene and dienophile components, which were not particularly reactive until they were attached to the chemical moieties, designed to have specific hydrogen-bonding patterns. Such attachments led to an increase in the reaction rate and to the sigmoidal character of the kinetic curve, which signified the autocatalytic reaction. The structures which depict and summarize the Wang-Sutherland model are shown below. The Diels-Alder reaction product is shown on the top, while the diene and dienophile are shown underneath. The diene and dienophile have attachments that allow precise hydrogen bonding which becomes complementary with that in the product. The product thus acts as a molecular template to bring together and properly align the diene and dienophile via the hydrogen bonding between the attachments. The hydrogen bonding is shown as dashed lines. The product catalyzes the formation of more products. This self-replicating model system works only with the specific attachments, which are not likely to be spontaneously synthesized under the prebiotic conditions. It utilizes a non-prebiotic solvent (deuterated chloroform or methylene chloride), which was necessitated by the use of the nuclear magnetic resonance to study the kinetics of the reaction. However, this model may still be useful in specific prebiotic niches. If we would place the above model system in water, thus green solvent, the hydrogen bonding pattern which are necessary for the alignment of the diene and dienophile on the template would be disrupted by water. However, in water the diene and dienophile, without any attachments, could align themselves properly without any template because of the hydrophobic effect. The use of water as solvent would detract from the self-replication aspect of this Diels-Alder model, but it would enhance its synthetic aspect in this medium.
Solventless and Solid-State Organic Reactions
The second green chemistry area that is relevant to the chemistry on asteroids is that of the solventless and solid-state reactions. A substantial body of the literature illustrates that many organic reactions occur in the solid state [26] [27] [28] [29] [30] [31] [32] , often rapidly and with remarkable efficiency [27, 28] . Examples include all major types of organic reactions, such as oxidations, reductions, eliminations, substitutions, condensations, cyclizations, rearrangements, and many others. Detailed experimental procedures for solvent-free reactions are compiled also in a recent book [32] . The principles of the solid state reactions imply feasibility of the solid-state reactions on asteroids. The organic materials that would be formed in the solid-state reactions on asteroids would have a chance to react further during the periods of aqueous alterations [2] . This double process could potentially account for the great richness in the variety of the organic chemicals that are found on meteorites, comprising of well over 400 types of compounds by the earlier findings [2] to tens of thousands by the most recent measurements [5] .
We describe here a remarkably simple principle behind some of the solid state reactions, the so-called solventless reactions [30, 33] . The principle is that of the lowering of the melting point of a pure component, when another component is added to it [30, 33] . When the solid organic compound is impure, its melting point is lowered. This is due to the incorporation of the impurities into the crystalline lattice of the compound, which breaks up the regular crystalline pattern. When more impurities are present, the melting point becomes even lower. The ingenious design of the solid-state reactions which exploits this principle is the following. One takes two solid reactants and mixes or grinds them together. This causes the lowering of the melting point. If the reactants are chosen well, the melting point will be lowered to the room temperature, thus giving a viscous liquid. The reaction will then occur in this liquid phase [30, 32] . This process eliminates the need for the solvent. Because of this, such solid state reactions are known as "solventless" [30] . This could be a possible scenario on asteroids, where there were many compounds, actually a myriad judging by the analysis of Murchison and similar carbonaceous chondrites [2] [3] [4] [5] [6] [7] [8] [9] [10] . Some of these compounds may be reactive towards each other, but others may not be. However, the unreactive compounds could lower the melting points of the reactive ones, enabling the reactions to occur in the melted state. The temperature estimates on the asteroids include a range from 25 o C to 100 o C, which is consistent with aqueous alterations [2] and is friendly to the organic chemicals reactions and preservation of the organic compounds. The heat is provided by the radioactive processes or impacts [2] . There are more than 30 types of major organic reactions [28] [29] [30] [31] [32] that have been found to occur in the solid state with supreme efficiency and the yields of 100% [28] . Not all of these solid state reactions occur by the mixed melting point liquefaction principle. Some occur by simply mixing the solid reactants and adding a solid or gaseous catalyst, without ever melting the reactions mixture. Especially interesting is the formation of ethers in the solid state, from the solid mixture of the alcohols and acid catalysts [31] . Such a synthesis could be a prebiotically feasible way to produce various ethers, which primitive organisms could just absorb from the environment. This could be relevant to the use of the ether-based lipids in some archaea's membranes (as opposed to the use of ester-type lipids by other organisms) [33] [34] [35] .
Conclusions
In this paper we show how selected green chemistry principles and tools can be useful in accounting for chemical synthesis on asteroids, specifically between the organic compounds that are not water soluble. We address the solid-state and solventless reactions, as well as the reactions in the aqueous medium which are driven by the hydrophobic effect, such as the Diels-Alder reaction. These reactions can explain in principle the sustainability of organic materials on asteroids.
